h i g h l i g h t s g r a p h i c a l a b s t r a c t
Both neutral and ionic PFASs can be transported to an isolated island via atmosphere. Particulate matter is an important carrier of PFASs during atmospheric transport. Ionic PFASs were found at substantial levels both in gas and particle phases. The temperature-dependent partitioning of FTOHs to particles was significant in winter. DiPAPs were detected only in particle phase with a low level range of 0.02 e6.72 pg m À3 .
a b s t r a c t
Air samples were collected using high-volume samplers at two coastal towns on the Bohai Sea in China, 320 km apart, and at a background site (North Huangcheng Island) in the Bohai Sea, 50 km from the coast. A suite of neutral and ionic per-and poly-fluoroalkyl substances (PFASs) was investigated. Urban activity was related to high levels of neutral PFASs at Tianjin while perfluorooctanoic carboxylic acid (PFOA) was dominant in the atmosphere at Weifang, possibly due to industrial sources. Polyfluoroalkyl phosphoric acid diesters (diPAPs) occurred in the particle phase only, with a total concentration range of 0.02e6.72 pg m
À3
. The dominant homologue was 6:2 diPAP. PFASs profiles at NHI suggested direct atmospheric transport of neutral and ionic PFASs from source regions. Temperature-dependent partitioning of fluorotelomer alcohols (FTOHs) was observed in winter, when total concentrations and particle-phase fractions of FTOHs were significantly higher as compared to those in summer. Correlation analyses suggested more active gas-phase degradation of FTOHs in summer and likely heterogeneous degradation in both seasons. Overall, it is necessary to account for ionic PFASs in both gas and
Introduction
Per-and poly-fluoroalkyl substances (PFASs) are a class of synthetic chemicals that have been widely used in a variety of industrial and commercial products, including textile coating, leather and paper treatment, pesticide, and fire-fighting foams, due to their unique properties such as surface activity and chemical stability (Kissa, 2001; Buck et al., 2011) . Perfluoroalkyl acids (PFAAs), including perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkane sulfonic acids (PFSAs), which are directly released or formed from PFAS precursors (Wang et al., 2014c) , have been detected globally in all kinds of environmental matrices (Dreyer et al., 2009b; Zhao et al., 2012; Wang et al., 2015b; Lam et al., 2016) . Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are legacy long-chain PFAAs and have been phased out in most developed countries (3M, 2000; US-EPA, 2010), due to their ubiquitous occurrence, environmental persistence, bioaccumulative, and toxic effects on wildlife and human beings (Lau et al., 2007; Wang et al., 2014b; Gao et al., 2015) . Meanwhile, production of long-chain PFAAs and their precursor fluorotelomer alcohols (FTOHs) has been rehabilitated and has prospered in Asian countries, especially in mainland China (Wang et al., 2014c) . The still active production as well as huge consumption of PFAS-based products due to dense population and high economic development speed has made the core developing districts around the Bohai Sea a source region of PFASs.
Neutral PFASs, such as FTOHs and perfluorooctane sulfoamidoethanols/sulfonamides (FOSE/As), are volatile precursors with relatively long atmospheric lifetimes of 20e50 days (Ellis et al., 2003; Piekarz et al., 2007) , and can be photo-transformed into PFAAs. Hence, their long-range atmospheric transport (LRAT) and subsequent degradation are recognized as a source of PFAAs in remote regions (Stock et al., 2007; Benskin et al., 2011) . PFAAs are nonvolatile substances with high water solubility (Vierke et al., 2013) ; thus, not as much effort as to their precursors has been made to clarify their occurrence and behavior in the atmosphere. However, high levels of these ionic PFASs have been found in precipitation globally close to source regions (Kwok et al., 2010; Zhao et al., 2013) , suggesting that ionic PFASs may also occur in the atmosphere. Till now, very few studies have investigated the levels of ionic PFASs in the atmosphere. Ionic PFASs have been reported in the particle phase in the atmosphere of Zürich, Switzerland, and the concentrations were generally below 10 pg m À3 . In contrast, the total concentrations of ionic PFASs in the atmosphere of Tianjin, China exceeded 100 pg m À3 , comparable to those of FTOHs (Yao et al., 2016a) . High particle-phase levels of ionic PFASs have also been reported in the atmosphere of Northwest Europe at 25e574 pg m À3 (Barber et al., 2007) . Hence, more field data are needed to clarify not only the occurrence of PFASs in the atmosphere but also the phase distribution and potential for atmospheric transport. Partitioning between gas and particle phases is an important process that affects the fate of a chemical in the atmosphere. A limited number of field studies have reported the occurrence of neutral PFASs in the particle phase of the atmosphere and their levels were consistently low (Dreyer et al., 2009b; Cai et al., 2012; Müller et al., 2012; Wang et al., 2014d ). Nevertheless, FTOHs were able to partition effectively to both organic and mineral surfaces of particulate matter (Arp et al., 2006; Li et al., 2006; Thuens et al., 2008) . FOSE/As were shown to be able to enrich in the finest particles (Dreyer et al., 2014) . A ubiquitous occurrence of both neutral and ionic PFASs in the outdoor dust on a continental scale and an association with possible atmospheric transport have been reported (Yao et al., 2016b) . Partitioning to particles and their subsequent deposition were suggested as a major loss mechanism during the atmospheric transport of neutral PFASs from a source region to the open ocean (Lai et al., 2016) . This process may be influenced by the level of total suspended particles (TSP) (Wang et al., 2015a; Yuan et al., 2016) , and more field evidence is needed to clarify partitioning behaviors, especially in a source region with high TSP levels.
Polyfluoroalkyl phosphoric acid diesters (diPAPs) are FTOHbased substances that have been widely used in food packaging for surface treatment and as additives in pesticides and personal care products (Buck et al., 2011; Lee and Mabury, 2011) . DiPAPs have a relatively long history of use but came into scientific view only in recent years (D'eon et al., 2009; Lee and Mabury, 2011; Yeung et al., 2013) . Much higher levels of diPAPs have been measured in indoor dust and human serum, where 6:2 and 8:2 diPAPs were dominant homologues (De Silva et al., 2012) . However, reports on diPAPs in the outdoor environment especially in the atmosphere are still limited (Loi et al., 2013; Kwok et al., 2015; Yao et al., 2016b) .
Hence, the goals of this study were to determine the occurrence, phase distribution, and seasonal variation therein of a suite of neutral and ionic PFASs, including diPAPs, at an urban site, an industrial site, and an oceanic island (background site) in a source region around the Bohai Sea, China. The gas-and particle-phase samples were collected simultaneously from August to September 2014 (summer) and from December 2014 to January 2015 (winter) with high-volume active air samplers (HV-AASs). Data presented in this study yield new information on spatial and temporal variations of PFASs in the atmosphere and their gas/particle partitioning behaviors. The results of this study also allow the identification of ionic PFASs and diPAPs of emerging concern in the atmosphere, on which the information is relatively scarce.
Materials and methods

Chemicals and standards
The target analytes included 6:2, 8:2, and 10:2 FTOHs; N-methyl and N-ethyl FOSAs (N-MeFOSA and N-EtFOSA); N-methyl and Nethyl FOSEs (N-MeFOSE and N-EtFOSE) ; PFCAs with carbon chain lengths of 4e12 (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, and PFDoDA, respectively); PFSAs with carbon chain lengths of 4, 6, and 8 (PFBS, PFHxS, and PFOS, respectively); 6:2 and 8:2 fluorotelomer unsaturated carboxylic acids (FTUCAs); and 6:2 and 8:2 diPAPs. Eleven internal standards (M5-6:2 FTOH, M4-8:2 FTOH, M5-N-EtFOSA, M9-N-EtFOSE, M4-PFOA, M4-PFBA, M4-PFOS, M4-PFHxS, M2-8:2 FTUCA, M4-8:2 diPAP, and M4-6:2 diPAP) were used in quantification. All the standards are of >97% purity. Amberlite XAD-2 resin (35 g, particle size 0.3e1.0 mm) was obtained from Supelco (Sigma-Aldrich, PA, USA). Polyurethane foam (PUF) slices (3 Â 2.5 in) were purchased from Tisch Environmental (OH, USA) and glass fiber filters (GFFs, pore size: 0.7 mm) from the Whatman Company (GE, USA). All solvents (acetone, dichloromethane, methanol, and n-hexane) were of residue grade and re-distilled in a full glass system prior to use. Details of standards information and the use of internal standards are given in Table S1 in the supporting information (SI).
Sampling campaign
The sampling campaign was conducted from August to September 2014 and from December 2014 to January 2015 at three sampling sites around the Bohai Sea, Northern China: Tianjin (TJ), Weifang (WF), and North Huangcheng Island (NHI). All sites were carefully selected to avoid high trees or buildings to ensure good air circulation. Tianjin is one of the largest industrial and harbor cities in Northern China with a population of 17 million. It is located on the west coast of the Bohai Sea. Air samples were taken on the rooftop of a four-story building on the campus of Nankai University in the central city, which has a dense population and heavy commercial activities. Weifang is an important industrial city of the Shandong province. Air samples were taken on the rooftop of a seven-story residential building. There is a suite of industrial activities around the WF sampling site, such as the chlor-alkali industry, brominated flame retardant manufacturing, a paper mill, and pesticides production. Extremely high levels of PFOA were detected in the nearby Xiaoqing River (Heydebreck et al., 2015) , implying the presence of potential emission sources of PFASs in the vicinity. NHI is located in the middle of Bohai Strait and is approximately 60 km off the continent to the south and 40 km to the north. The island has an area of about 2.7 km 2 and a population of 2 400. Marine aquaculture and fishing are the main income source and the island is self-sustaining with no other industry activity. The HV-AAS was located on a platform approximately 20 m above the sea level on a hilltop. It is at the eastern cape of the island and faces the sea to the north, east, and south. The sampling map is shown in Fig. S1 . Air samples were collected using HV-AAS (GKSS, Germany) over a 24-h period with sample volumes of approximately 300 m 3 . The sampling period at each site lasted for about one month with filters replaced daily. Attempts were made to sample at all three locations simultaneously. Half the samples (15 in summer and 14 in winter) from every alternative day were used in this study. Details of high volume air samplers are described elsewhere (Shoeib et al., 2006; Wang et al., 2014d) . Briefly, the sampling train comprised a GFF (90 mm diameter) to screen airborne particles and a self-packed PUF-XAD sandwich to trap gas-phase compounds. The cartridge consisted of 35 g XAD-2 resin topped with one PUF plugs (5.0 cm in diameter and 2.5 cm in thickness). Fluoropolymer materials were not used in the high-volume air sampler to avoid possible contamination of the target compounds. After sampling, the filters were stored at À20 C and the air cartridges were stored at 4 C until analysis in the laboratory. All samples were extracted within two months from collection. Detailed information on the sampling sites, sampling dates, air volume, temperature, wind speeds during the sampling period, and other parameters can be found in Tables S2e7 in the SI.
Sample preparation and instrumental analysis
Air sample media (PUF/XAD and GFFs) were extracted with modified Soxhlet apparatus. Air columns (PUF/XAD cartridge) and GFFs were spiked with 5 ng of each internal standard mentioned above before extraction. Air columns were extracted with dichloromethane for 24 h for all PFASs and successively with methanol for another 24 h for possible residual ionic PFASs and PAPs. For filter samples, the filter was cut in half. Half was used for Soxhlet extraction with dichloromethane for 24 h to recover neutral PFASs and the other half was ultrasonically extracted for three times with 5 mL methanol each time for ionic PFASs and PAPs. The three extracts were combined. All extracts from the Soxhlet extraction were concentrated with rotary evaporation to approximately 2 mL. The extracts of dichloromethane were exchanged to n-hexane and were passed through a column of 3 g Na 2 SO 4 to remove residual water and further concentrated to about 0.5 mL under a gentle stream of high purity nitrogen. The extracts of methanol were cleaned with dispersive Envi-carb. Especially for the extraction of air columns, an aliquot of n-hexane solution was directly used for analysis of neutral PFASs while another aliquot of n-hexane was evaporated to dryness and re-dissolved with an equal aliquot of the subsequent extract of methanol, the combination of which was used for analysis of ionic PFASs and diPAPs. Breakthrough of the sampling method was checked randomly using two columns connected in series (Xie et al., 2013) . The recoveries of PFASs were all above 90%, indicating a good retention of the target analytes.
Analysis for FTOHs and FOSE/As were performed using an Agilent 7 890 gas chromatography coupled with an Agilent 5975C mass spectrometer in selective ion monitoring (SIM) mode with positive chemical ionization (PCI) using methane as reagent gas. The analytes were separated on a 30 m DB-WAX column (30 m Â 0.25 mm Â 0.25 mm). Helium was used as the carrier gas at a flow rate of 1.3 mL min À1 and the injection volume was 3.0 mL in the pulse splitless mode.
Analysis of ionic PFASs was performed with a high-performance liquid chromatograph-tandem mass spectrometer (HPLC-MS/MS). The instrument was an Agilent 1 200 series liquid chromatograph interfaced with an Agilent G6410B triple quadrupole mass spectrometer (Agilent Technologies, USA) and operated in the electrospray negative ionization multiple-reaction monitoring (MRM) mode. Nitrogen with a purity of 99.9% was used as desolvation gas at a flow rate of 10 L min À1 and a manipulating temperature of 350 C. The nebulizer gas pressure was 50 psi. The capillary voltage was 4 kV. The dwell time was 200 ms.
The X-terra MS C18 column (2.1 mm i. D. Â 150 mm, 5 mm, Waters, Ireland) was used for the separation of ionic PFASs. A 10-mL aliquot of the extract was injected. A gradient operation was optimized as 6% methanol, increased uniformly to 58% at 0.8 min, to 100% at 12.8 min, reversed to original conditions at 14.3 min, and held until 26 min when the equilibrium was reached. The mobile phase flow rate was 250 mL min
À1
. Both mobile phases contained 2.5 mM ammonium acetate. Especially for the separation of diPAPs, methanol and alkaline Milli-Q water (pH ¼ 10) were used as the mobile phases, with a gradient operation where 20% methanol was increased uniformly to 80% at 2 min and held for 1 min, increased uniformly to 95% at 6 min, held for 5 min, and reversed to original conditions at 12 min until the equilibrium was reached at 22 min.
The flow rate was kept at 300 mL min
. The injection volume was 10 mL.
Details regarding the instrumental analyses are provided in Table S8 in the SI.
Quality assurance and quality control
All air columns were pre-cleaned with organic solvents (methanol, acetone, dichloro-methane, and n-hexane in series, and each for 24 h) and GFFs were baked at 450 C for 12 h prior to use. Na 2 SO 4 was cleaned with dichloromethane for 12 h and baked at 450 C for 12 h prior to use. The air columns were wrapped in aluminum foil before and after sampling. Deionized water with a resistivity of 18 MU-cm was used throughout the study. Laboratory ware was rinsed carefully with methanol before use. Field blanks (clean air columns and GFFs) were taken to each sampling site, exposed shortly (approximately 1 min) to ambient air, and brought to the laboratory together with the environmental samples for extraction and analysis. Some analytes were detected in these field blanks, showing low values with concentrations in final solvent samples ranging from 0.08 to 0.33 ng mL À1 (Table S8) . Limit of detection (LOD) was derived from the peak value with the signalto-noise ratio (SNR) equaling three and limit of quantification (LOQ) was from the peak value with SNR equaling ten. Method detection limits (MDLs) for analytes detected in the field blanks were derived from three times the standard deviation of field blank values and the concentrations were subtracted from mean blank values. For analytes not detected or below the LOQs in the field blanks, three times the LODs were calculated as MDLs instead. The MDL values for each analyte are given in Table S8 . In addition, recovery standards were added to each of the samples to monitor procedural performance. Average recoveries for the analytes in air columns was between 42 ± 16% ( 13 C-6:2 FTOH) and 125 ± 14% ( 13 C-N-EtFOSE). Average recoveries for the analytes in filters were between 73 ± 14% ( 13 C-PFDA) and 113 ± 19% ( 13 C-PFOA). The low recoveries for 13 C-6:2 FTOH are associated with the high volatility of this compound and the resulting evaporative losses during Soxhlet extraction and subsequent concentration. Signal enhancement caused by solvent or interfering compounds might be responsible for the high recoveries of 13 C-PFOA.
Air mass backward-trajectories and statistical analysis
The source regions of the air masses sampled on North Huangcheng Island (NHI) were determined using the NOAA's HYSPLIT model. Air mass backward-trajectories were calculated in 48-h/24-h steps, tracing back the air masses for each sampling endpoint using 10 m as the arrival height. The results are shown as frequencies of trajectories on a grid resolution of 0.25 Â 0.25 . The details are given in Fig. S2 in the SI. Median values were calculated based on values of detection. Spearman correlation analysis and Mann-Whitney rank analysis were performed with IBM SPSS Statistics 20. All data were logarithmic transformed before correlation analysis and outliers beyond the value of three times the standard deviation plus mean value were not used. All the plots were created with OriginLab OriginPro 8.5.
Results and discussion
Concentration and composition profiles of PFASs in the atmosphere
FTOHs were dominant neutral PFASs at all three sampling sites. The total air concentrations of FTOHs were the highest at the urban TJ (median: 152e246 pg m
À3
) and the lowest at the background NHI (median: 25.2e54.5 pg m À3 ), and consistently higher in winter than in summer ( Fig. 1A and B). 8:2 FTOH was dominant, followed by 10:2 and 6:2 FTOHs. This trend was similar between sites and seasons, which suggested common sources. Particularly at the urban TJ, N-EtFOSA was detected with median levels of 69.2 pg m
and 215 pg m À3 in summer and winter, respectively, which were 3e4 orders of magnitudes higher than those at WF and NHI. Ionic PFASs were frequently detected in the atmosphere, with the highest total concentrations at the industrial WF (median 332e348 pg m in summer and 38.9e1.56 Â 10 3 pg m À3 in winter (Fig. 1C) . The abundance of PFOA in the atmosphere may account for its previously reported high levels in local rainfalls and in the surface waters of WF City (Yao et al., 2014) . Due to more than a decade of development of local fluoropolymer industries, where PFOA has been produced and used as emulsifiers for producing fluoropolymers and fluoroelastomers (Wang et al., 2014a) , extremely high levels of PFOA have been measured in local river catchments (up to hundreds of mg L À1 ) and in the estuaries (up to thousands ng L À1 ) (Heydebreck et al., 2015; Wang et al., 2016) . This indicates that a direct release of PFOA from these point sources to the atmosphere is significant, in addition to the source of precursors degradation. The median levels of PFOS were 123 pg m À3 , 11.2 pg m À3 , and 18.3 pg m À3 in summer and 10.3 pg m À3 , 11.0 pg m À3 , and 8.84 pg m À3 in winter at TJ, WF, and NHI, respectively. All levels of PFOS were significantly lower than those of PFOA (p < 0.01), except in summer when PFOS was particularly detected with high levels (up to 3.83 Â 10 3 pg m À3 ) at the urban TJ, where N-EtFOSA, a direct precursor compound, was also found at high levels ( Fig. 1A and C) . The variation between seasons (Fig. 1B and D) suggested an enhanced transformation of FOSE/As to PFOS in summer (D'Eon et al., 2006) . The profiles of short-chain PFASs showed site-specific characteristics and seasonal differences ( Fig. 1C and D , and 98 pg m À3 , corresponding to a contribution of 60%, 45%, and 65% at TJ, WF, and NHI, respectively (Fig. 1D) ; for other short-chain PFASs, only PFHxA was detected frequently at levels of 2.79e12.1 pg m À3 , which was much lower than those in summer. These results suggest additional sources for PFBA in the atmosphere, which produce a different seasonal variation from other PFAAs. Levels of PFBA was reported as 0.15e1.5 ng/ L in the open water of the Bohai Sea collected in 2012, which was much lower than those of PFOA (2.3e106 ng/L) (Zhao et al., 2017) . This likely atmospheric transport of PFBA or its precursors to the background island was more significant than its oceanic transport. PFBA was detected as a dominant PFCA (>50%) in Antarctica snow with concentrations up to 0.5 ng/L, while their levels in seawater were less significant (Casal et al., 2017) . These results further emphasize the occurrence and transport of PFBA and its precursors in the atmosphere and indicate that the sources of short-chain PFASs are yet to be explained completely. FTUCAs are important intermediates of heterogeneous degradation of FTOHs (Styler et al., 2013 . at TJ, WF, and NHI, respectively, which were not significantly different between seasons (p > 0.05). 6:2 FTUCA was seldom detected in winter but at similar levels to 8:2 FTUCA in summer, when PFHxA was measured at high levels. This indicates an enhanced transformation of precursors in the atmosphere in summer. Meanwhile, diPAPs, with relatively high LogK OA values (12e14) (Wang et al., 2013) , were detected only in the particle phase, with total concentrations of 0.07e6.72 pg m À3 , 0.05e0.38 pg m À3 , and 0.02e0.47 pg m À3 at TJ, WF, and NHI, respectively, which were not significantly different between seasons (p > 0.05). The levels at TJ were significantly higher than those at WF and NHI in both seasons (p < 0.01). 6:2 diPAP was consistently dominant between seasons, while 8:2 diPAP was detected primarily in winter. The differences in atmospheric levels further demonstrate that urban activities are major sources of diPAPs and their atmospheric transport is associated with particulate matter, which was previously indicated in investigations on outdoor dust (Yao et al., 2016b) . The specific concentrations of individual PFAS are shown in Tables S9e12 in the SI.
Comparison with literature
A comparison was made between the data in this study and those in the literature (Table 1 ). The median levels of FTOHs (151e248 pg m À3 ) at TJ were higher than mean values from Toronto, Canada (81 pg m À3 ) (Ahrens et al., 2012) ; Büsum, Germany (37 pg m
À3
) (Wang et al., 2014d) , and most studies (based on reconverted data) across Japan, India, and other places in China using passive samplers (28.0e78.5 pg m À3 ) (Li et al., 2011) , but lower than those from Zürich, Switzerland (868 pg m À3 ) (Müller et al., 2012) and Manchester, UK (381e527 pg m À3 ) (Barber et al., 2007) . The levels of FTOHs matched those from previous investigation using passive samplers in summer at TJ (117 pg m À3 ) (Yao et al., 2016a) , while much higher levels of FOSE/As were reported in this study. The extremely high levels of FOSE/As at TJ, especially in winter, exceeded most levels in other studies. This could be a site-specific scenario, because 96% of FOSE/As was particleassociated and the range of influence should be limited. In terms of the oceanic atmosphere, the median levels of FTOHs at NHI (22.0e48.6 pg m
) were generally higher than those from the Atlantic Ocean (19.9 pg m À3 ) (Wang et al., 2015b) , Station Nord, Greenland (9.34 pg m À3 ) (Bossi et al., 2016) , and Ny-Ålesund, Norway (14 pg m À3 ) ; they are comparable to those close to source regions such as the North Sea (77.0 pg m À3 ) (Xie et al., 2013) and the South China Sea (53.0 pg m À3 ) (Lai et al., 2016) , and lower than those from mobile cruise sampling in the Bohai Sea (104 pg m À3 ), North and South Yellow Seas (184e288 pg m À3 ) (Zhao et al., 2017) , and the Japan Sea (178 pg m À3 ) (Cai et al., 2012) . In addition, the levels of neutral PFASs at NHI were slightly lower than the samples from the landbased background site of Jixian, Tianjin, but they shared a similar composition profile, suggesting common sources (Yao et al., 2016a) . The median total concentrations of PFCAs in the atmosphere at TJ were 151 pg m À3 , which were comparable with results that have been reported previously (Yao et al., 2016a) , whereas PFSAs total concentrations in summer were found to be much higher than before (median 209 pg m
), corresponding to the particularly high levels of FOSE/As at the same site. In general, the total air concentrations of ionic PFASs in this study at Bohai Bay are at a much higher level than those at Zürich, Switzerland (mean 38.1 pg m À3 ) (Müller et al., 2012) , Toronto, Canada (<10 pg m À3 ) , Manchester, United Kingdom (mean 25.1 pg m À3 ) (Barber et al., 2007) , or the southeastern region of China (median 12 pg m À3 ) (Liu et al., 2015) . It is also expected that the levels of ionic PFASs at NHI (median 61.7 pg m À3 ) were generally higher than those in coastal areas of Canada (<1 pg m À3 ) (Gewurtz et al., 2013) and Germany (5.7 pg m À3 ) (Dreyer and Ebinghaus, 2009) . It is noteworthy that most of the studies discussed above used HV-AASs and only accounted for particle-phase ionic PFASs adsorbed on GFFs. The exclusion of ionic PFASs in air PUF columns may lead to an underestimation on their bulk-air levels. Therefore, if HV-AASs are used, it is necessary to analyze ionic PFASs in both phases in order to make the results more comparable Johansson et al., 2017) .
Back-trajectory analysis of NHI island data
The geographic features and self-sustaining nature of NHI mean that the island should be less disturbed and receive contaminants only via atmospheric and oceanic transport. Special care was taken with the air samples detected with the highest total PFAS concentrations. In summer, the highest levels were detected at 222e371 pg m À3 and long-chain PFCAs were dominant analogues (68%). As shown in Fig. S2 , the air mass trajectories showed high frequencies to the south of the island, indicating the air mass was mainly from Shandong province, where the WF site is located. In winter, the highest levels were detected at 373e502 pg m À3 and
FTOHs were dominant analogues (41%). The frequencies of air mass trajectories covered mainly the west of the island apart from the southern Shandong province. These results demonstrate that the metropolitan area of TJ to the west of the island is a major source of FTOHs in the atmosphere. High levels of long-chain PFCAs (mainly PFOA) in the atmosphere to the south are probably associated with industrial activities. It is also noteworthy that the high air levels of FTOHs detected at NHI in winter were accompanied by high TSP levels of 78.5e162 mg m À3 , while high levels of long-chain PFCAs in summer were associated with only moderate TSP levels of 23.2e76.6 mg m À3 . This suggests the atmospheric transport of FTOHs may be associated with particulate matter.
3.4. Partitioning between gas and particle phases
The particle-phase fractions (f p ) of 8:2 and 10:2 FTOHs at all the three sampling sites were calculated and plotted against their LogK OA values (Fig. 2 ) that were calculated with sampling temperatures (Tables S2e7) (Thuens et al., 2008) . The f p values of 8:2 and 10:2 FTOHs were generally low (median 2.5% and 3.0%, respectively) in summer and no significant correlation was observed with their LogK OA values (p > 0.05). In winter, together with their elevated concentrations (Fig. 1A) , a significant increase of f p values (p < 0.01) was observed for both 8:2 and 10:2 FTOHs (median 24.2% and 65.8%, respectively) and the f p values of 10:2 FTOH were significantly higher than those of 8:2 FTOH (p < 0.01). Further, f p values of FTOHs were significantly correlated with their LogK OA values in winter (Pearson's r ¼ 0.691, p < 0.01). From summer to winter, the sampling temperature dropped from 25.0 ± 2.1 C to 1.2 ± 1.5 C, which in theory increases the LogK OA of FTOHs values by approximately 0.8 log-unit (Dreyer et al., 2009a) . Similarly, the f p values of N-EtFOSA at TJ were significantly higher in winter than in summer (95.9% vs. 13.9%) and generally higher than those FTOHs due to its relatively high LogK OA values (Dreyer et al., 2009a) . These results suggest that temperature is an important factor determining the partitioning of neutral PFASs to particulate matter.
PFAAs may be preferentially adsorbed on GFFs (Arp and Goss, 2008) , thus, their phase-distribution analysis may not be applicable based on data from HV-AAS (Johansson et al., 2017) . Nevertheless, in the cases where air levels of PFOA or PFOS exceeded , over 90% of these PFAAs were trapped on GFFs. In contrast, at lower levels (<100 pg m À3 ), a wide-range contribution (up to 80%) of PFAAs from air columns was found. The pattern was also observed for the NHI site itself. Therefore, even taking the preferential adsorption on GFFs into account, these results still indicate that high air levels of ionic PFASs are typically associated with particulate matter, which can be an important carrier for their direct atmospheric transport.
Correlation analysis
As shown in Fig. 3A , Spearman correlation analysis was conducted on the concentrations of 8:2 and 10:2 FTOHs in the gas and particle phases, respectively. In the gas phase, 8:2 and 10:2 FTOHs were all strongly correlated with coefficients slightly higher in summer (0.868e0.956, p < 0.01) than those in winter (0.731e0.808, p < 0.01). In the particle phase, a consistent drop of correlativity was observed for each group, especially in the winter when f p values were high. No significant correlation was observed at TJ while the coefficients dropped to 0.538 and 0.580 at NHI and WF, respectively (p < 0.05). The reduction in correlativity suggests heterogeneous processes rather than partitioning may lead to an asynchronous change in concentrations of 8:2 and 10:2 FTOHs in the particle phase.
PFOA and PFNA are major PFCA products from gas-phase degradation of 8:2 FTOH in the atmosphere (Ellis et al., 2004) . As shown in Fig. 3B , the Spearman correlation analysis was conducted on the total air concentrations of PFOA and PFNA. In summer, the correlativity was strongly significant at NHI and TJ (0.748 and 0.782, p < 0.01), and comparatively weaker at WF (0.657, p < 0.01). Together with relatively lower levels of FTOHs in summer, these results indicate that PFOA and PFNA are yielded more efficiently from the atmospheric degradation of 8:2 FTOH and its derivatives when the temperature is high. PFOA might also have been released directly from industrial sources at WF, which compromised the correlativity. In winter, the correlativity was no longer statistically significant and dropped consistently to 0.103e0.391 (p > 0.05) at all three sites. These results may be ascribed to remarkably high f p values of FTOHs. Heterogeneous processes may influence the fate of FTOHs and the yield of PFCAs in the atmosphere. It has been suggested that FTOHs undergo heterogeneous degradation when they come into contact with components of catalytic activity in atmospheric particulate matter (Styler et al., 2013) . The process was considered to be much faster than gas-phase reactions and FTUCAs were major intermediates before being transformed into PFCAs. Fluorotelomer saturated carboxylic acid were proposed as a major product in gas-phase reactions; they can be transformed directly into odd-chain PFCAs and FTUCAs in a heterogeneous pathway as well (Styler et al., 2013) . In the present study, the median levels of FTUCAs were 1.61, 2.79, and 2.70 pg m À3 at NHI, TJ, and WF, respectively. Comparable levels of 8:2 FTUCA were also determined in the atmospheric particle phase at Zürich (Müller et al., 2012) . Overall, statistically significant correlations (p < 0.01) of 8:2 FTUCA with PFOA and PFNA were found in both summer and winter with a moderate correlativity of 0.437e0.565 using log-transformed air concentrations. This suggests heterogeneous degradation of atmospheric FTOHs and their derivatives may contribute to their loss mechanisms in both seasons.
Conclusions
This is the first comprehensive study that has reported air concentrations of a suite of PFASs (neutral and ionic PFASs) in both the gas and particle phases at two distinct sampling sites TJ and WF along the coast and a background oceanic site NHI of the Bohai Sea in China. DiPAPs were detected only in the particle phase with a total concentration range of 0.02e6.72 pg m À3 and 6:2 diPAP was dominant. PFASs were frequently detected with a total level of 80.1e206 pg m À3 at NHI, which is an isolated oceanic island. Air mass backward-trajectory analysis of NHI data suggests that the metropolitan area of TJ is a source of neutral PFASs while air mass from Shandong province may receive a direct release of PFOA, possibly due to industrial activities. The strong correlativity of PFOA and PFNA and comparatively lower levels of FTOHs in summer suggest a more active gas-phase degradation of FTOHs. In winter, the f p values of FTOHs were significantly higher than in summer and they were significantly correlated with their LogK OA values, suggesting a temperature-dependent partitioning of FTOHs. A significant drop in correlativity between total air concentrations of PFOA and PFNA occurred in winter, suggesting an increasing Fig. 3 . Spearman correlation coefficients of the logarithmic concentrations between 8:2 and 10:2 FTOHs in gas/particle phases (a); the logarithmic total air concentrations between PFOA and PFNA (b) One asterisk signifies p < 0.05; two asterisks signify p < 0.01; asterisks in parenthesis means statistical significance after omitting one outlier. No coefficient was available for FTOHs in the particle phase at NHI in the summer due to the low detection frequency of 10:2 FTOH. complexity in their sources. 8:2 FTUCA was moderately correlated with PFOA and PFNA in both seasons, which were all statistically significant (p < 0.01). This further indicates that heterogeneous degradation may be involved in the loss mechanisms for atmospheric FTOHs in both seasons. Therefore, particulate matter played an important role in atmospheric transport and in determining the fate of PFASs, especially from a source region with TSP levels up to 200 mg m À3 . Further, it is necessary to account for ionic PFASs in both QFFs and air columns if HV-AAS is used as a sampling technique in order to reflect their true air levels in total; thus, it will be possible to evaluate more accurately their LRAT potential and possible influences on non-source regions.
